Wright State University

CORE Scholar
Biological Sciences Faculty Publications

Biological Sciences

3-2000

Periphyton Production on Wood and Sediment: Substratumspecific Response to Laboratory and Whole-lake nutrient
Manipulations
Yvonne Vadeboncoeur
Wright State University - Main Campus, yvonne.vadeboncoeur@wright.edu

David M. Lodge

Follow this and additional works at: https://corescholar.libraries.wright.edu/biology
Part of the Biology Commons, and the Systems Biology Commons

Repository Citation
Vadeboncoeur, Y., & Lodge, D. M. (2000). Periphyton Production on Wood and Sediment: Substratumspecific Response to Laboratory and Whole-lake nutrient Manipulations. Journal of the North American
Benthological Society, 19 (1), 68-81.
https://corescholar.libraries.wright.edu/biology/583

This Article is brought to you for free and open access by the Biological Sciences at CORE Scholar. It has been
accepted for inclusion in Biological Sciences Faculty Publications by an authorized administrator of CORE Scholar.
For more information, please contact library-corescholar@wright.edu.

J. N. Am. Benthol. Soc., 2000, 19(1):68–81
䉷 2000 by The North American Benthological Society

Periphyton production on wood and sediment: substratum-specific
response to laboratory and whole-lake nutrient manipulations
YVONNE VADEBONCOEUR1

AND

DAVID M. LODGE

Department of Biological Sciences, University of Notre Dame, P.O. Box 369,
Notre Dame, Indiana 46556 USA
Abstract. Substratum heterogeneity is a large source of variability in periphyton production, but
the influence of substratum on periphyton response to experimental manipulations is rarely measured. Using laboratory and whole-lake experiments, we compared area-specific primary production
of periphyton on wood (epixylon) and sediment (epipelon), and tested whether periphyton on the 2
substrata responded differently to water-column fertilization. In the laboratory, natural periphyton
assemblages on wood or sediment were exposed to 1 of 6 treatments in a fully factorial (light [250,
70, or 10 mol m⫺2 s⫺1] ⫻ nutrient [control or ⫹ N and P]) experiment. We measured 14C primary
production on both substrata after 25 to 30 d. We also measured epipelic and epixylic production in
a reference and an experimentally fertilized lake. We constructed photosynthesis-irradiance curves
for epipelon from 3 depths in each lake, and used the curves to predict primary production at average
in situ light intensities for each lake and depth.
Production response to fertilization was substratum-specific, and area-specific epipelic production
was 10⫻ that of epixylon at both experimental scales. Both epixylon (ANOVA, p ⬍ 0.0001) and
epipelon (ANOVA, p ⬍ 0.0001) production increased significantly with increasing light. Epixylon
production was significantly higher in fertilized treatments than in controls (ANOVA, p ⬍ 0.01), but
epipelon did not respond to fertilization (ANOVA, p ⫽ 0.69). Epixylon production was also significantly higher in the fertilized lake than in the reference lake (ANOVA, p ⬍ 0.05). Maximum epipelic
production rates decreased with water depth in both lakes, and average epipelic production from
both lakes was positively and similarly related to average in situ light intensities (linear regression,
R2 ⫽ 0.94, p ⫽ 0.001). Both substratum-specific response to fertilization and substratum-specific periphyton production may be critical in determining fertilization-induced changes in periphyton production in lakes.
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and light on periphyton on ⬎1 natural substratum are exceedingly rare (Björk-Ramberg and
Ånell 1985).
Chemical and physical properties of substrata
affect periphyton primary production (Kairesalo
1980, Pringle 1990, Burkholder 1996). Rocks are
not usually a nutrient source for associated algae (epilithon), but are physically stable relative
to unconsolidated sediment or macrophytes.
Similarly, wood is probably chemically inert
with respect to N and P, but few studies have
considered epixylic algae (Sinsabaugh et al.
1991, Couch and Meyer 1992, Scholz and Boon
1993). Other substrata are nutrient sources for
periphyton. Macrophytes leak nutrients to epiphytes (Burkholder and Wetzel 1990). Periphyton growing on unconsolidated organic sediment (epipelon) and sand and gravel sequester
nutrients from pore water and groundwater
(Carlton and Wetzel 1988, Hansson 1988, 1989,
1990, Hagerthey and Kerfoot 1998). There is also
evidence that periphyton on non-nutrient dif-

Experiments have shown conclusively that
light and nutrient availability strongly affect periphyton abundance and production in freshwater ecosystems (Round 1961, Björk-Ramberg
1984, Shortreed et al. 1984, Fairchild et al. 1985,
Peterson et al. 1985, 1993, Mazumder et al. 1989,
Hill and Boston 1991, Bothwell 1993, Fairchild
and Sherman 1993, Rosemond 1993, Rosemond
et al. 1993, Hill 1996). In addition, substratum
(e.g., macrophytes, rocks, sediment) affects the
light and nutrient environment of associated periphyton (Sand-Jensen and Borum 1991, Burkholder 1996, Lowe 1996, Krause-Jensen and
Sand-Jensen 1998). Thus, it is likely that substratum influences the response of periphyton to
alterations in resource availability. However, experimental evaluation of the effect of nutrients
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fusing substrata have high biomass accumulation when placed close to organic sediment,
suggesting that the effect of sediment nutrients
on periphyton extends short distances from the
sediment-water interface (Blumenshine et al.
1997). Thus, the response of periphyton on a
given substratum to water-column N and P additions may depend on whether the water column, the substratum, or the sediment pore water is the primary nutrient source (Sand-Jensen
and Borum 1991).
Different substrata are associated with light
availability because abundance of different substrata is usually related to water depth (Lowe
1996). Nonrandom distributions of substrata
with respect to depth, and therefore light, result
from particle sorting. Because they are essentially sessile, periphyton assemblages experience a limited range of light intensities dependent on the water depth at which the substratum occurs. Rocks are common substrata at the
edge of lakes where they are kept free from fine
sediment by waves and ice scour. Large wood
is often anchored in the riparian zone, and is
also typically limited to shallow littoral areas.
Thus, abundance of exposed rocks and wood
will typically decrease with increasing watercolumn depth, and most periphyton associated
with these substrata occur in the well-lit, shallow littoral zone. In contrast, fine sediment, especially organic sediment, settles into deeper areas of the lake and areas where water motion is
reduced (Hilton 1985, Hilton et al. 1986, James
and Barko 1990, Rasmussen and Rowen 1997).
Epipelon is expected to be the most common
periphyton assemblage in deep and dark areas
of the lake.
Periphyton response to fertilization may depend on in situ light conditions. For example,
periphyton in an oligotrophic stream responded
to nutrient enrichment at high, but not low, light
levels (Hill and Knight 1988). Algae have high
cellular nutrient requirements at suboptimal
light intensities (Wynne and Rhee 1986, Borchardt 1996). Thus, the fertilization growth-response of periphyton on non-nutrient diffusing
substrata such as rocks or wood may be small
at very low light and increase along a gradient
of increasing light. The limited evidence suggests that epipelic algae exhibit nutrient limitation only in very oligotrophic systems where
light availability is high (Stanley 1976, Hansson
1992). Thus, substratum and its distribution
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with respect to depth and light may affect the
intensity of the response of natural periphyton
assemblages to alterations in water-column nutrients.
We isolated defaunated periphyton assemblages on wood and sediment in the laboratory,
and exposed them to 3 light ⫻ 2 nutrient levels
for 25 to 30 d to assess the impact of substratum
on periphyton productivity. We tested: 1) if substratum influenced whether periphyton production increased as a result of water-column fertilization; 2) if periphyton response to nutrient
addition increased with increasing light intensity; and 3) if pore-water nutrients were transferred to the water column and became available
to primary producers growing near, but not on,
sediment. We also concurrently compared epixylic production and epipelic photosynthesis-irradiance (P-I) response curves in a reference and
an experimentally fertilized lake. The wholelake experiment allowed us to determine whether periphyton responses to fertilization in the
controlled laboratory experiment were indicative of periphyton responses when natural densities of grazers were present and at natural
light and temperature levels.
Methods
Study sites
Paul Lake (reference, 1.7 ha, zmax ⫽ 12 m) and
West Long Lake (fertilized, 3.4 ha, zmax ⫽ 17.7
m) are oligotrophic soft-water lakes at the University of Notre Dame Environmental Research
Center (UNDERC) (lat 46⬚13⬘N, long 89⬚32⬘W)
in upper Michigan, USA. They are 2 of 6 basins
at UNDERC that are part of the Cascading Trophic Interactions Project (Carpenter and Kitchell
1993, Carpenter et al. 1995, 1996, 1998, Christensen et al. 1996). Paul Lake is the reference
lake for the project and was not manipulated
during this study.
During the summers of 1993 to 1995, West
Long Lake was fertilized daily with N and P
(N:P ⬎ 25:1 by atoms), and fertilization caused
phytoplankton blooms in all years. Summer average P addition rates were 1.43 mg m⫺3 d⫺1 in
1993, 0.86 mg m⫺3 d⫺1 in 1994, and 0.40 mg m⫺3
d⫺1 in 1995. Background P loading was ⬃0.15
mg m⫺3 d⫺1 (Carpenter et al. 1996). Dissolved N
accumulated in the fertilized lake, but dissolved
P did not (S. R. Carpenter, University of Wis-
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consin, Madison, unpublished data). Phytoplankton response was closely correlated with
P input rate (Carpenter et al. 1996, Cottingham
and Carpenter 1998), and for simplicity, we
used P loading alone as an index of fertilization
rate. We did not test N versus P limitation, and
do not intend to imply that P rather than N limited periphyton production.
Wood and sediment are the only abundant
benthic substrata in the 2 lakes. The lake peripheries are wooded, and woody debris is present down to 4 m water depth. However, most
wood is large downed trees, and occurs between the lake edge and 1.0 m water depth.
Substratum in the littoral zone of both lakes is
dominated by soft organic sediment, which
composes ⬎80% of benthic surface area from
the lake edge to 7 m water depth. The sediment
is flocculent (95% water by weight) and organic
(40–60% dry mass). Thermocline depth in both
lakes is typically 3 m, but photosynthesizing
epipelic algal mats are present to 7 m (⬍0.5%
light). Epilimnetic epipelic assemblages formed
a thick (⬃10 mm) mucilaginous matrix with the
sediment that consisted of pennate diatoms, single-celled chlorophytes, and filamentous and colonial cyanobacteria. Metalimnetic epipelic assemblages were dominated by motile filamentous cyanobacteria and motile diatoms that
formed a thin mat (⬃1 mm) that lay over the
surface of the sediment. Colonial cyanobacteria
and filamentous chlorophytes dominated epixylon assemblages (Y. Vadeboncoeur and D. M.
Lodge, unpublished data).
Factorial light ⫻ nutrient laboratory experiment
We incubated periphyton assemblages in 19 L
(35 cm high ⫻ 22.5 cm diameter) white plastic
buckets in a fully factorial (3 light ⫻ 2 nutrient)
laboratory experiment. Each bucket contained 1
natural substratum, either wood or sediment.
We minimized phytoplankton shading by leaving only 20 to 30 cm of water above the substratum. Buckets were placed under metal halide lamps (Sylvania Metal Arc MP, 400 W) on
a 14:10 h light:dark cycle. We used neutral density shade cloth to create light treatments of 250,
70, and 10 mol m⫺2 s⫺1. Half of the replicates
in each light treatment were unfertilized controls. The remaining replicates were fertilized
daily with a solution of NH4NO3 and Na2HPO4
(N:P 9:1 by atoms). It was only possible to run
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3 replicates of each treatment for each substratum at 1 time because of time and equipment
constraints. Therefore, we blocked the experiment in time (Sokal and Rohlf 1981) to increase
statistical power. In 1993, we ran 2 consecutive
blocks (14 July–8 August, 13 August–7 September), and we added fertilizer at a rate of 1 mg
P m⫺3 d⫺1. In 1994, we ran only 1 block (6 August–5 September), and we increased the nutrient load to 2 mg m⫺3 d⫺1 to correspond to maximal loading rates in the whole-lake experiment
and a previous mesocosm experiment (Blumenshine et al. 1997, Cottingham et al. 1997). A
planned 2nd block in 1994 was not run, and fertilization rates were not replicated within
blocks. Therefore, we could not test the effect of
the change in fertilization rate between years,
and simply compared fertilized versus unfertilized treatments in the analysis.
We collected naturally occurring wood visibly
colonized with periphyton from ⬃1 m water
depth in the reference lake. A snorkeler used
pruning shears to cut branches (⬃3 cm diameter) from submerged trees with minimal disturbance. We cut the wood into 20 cm lengths, and
placed 2 pieces of wood (combined surface area
⬃0.04 m2) into each of 18 buckets. Each bucket
contained 15 L of reference-lake water that had
been filtered through a 150-m net to remove
large zooplankton. We then added ABATE insecticide (O,O⬘-(thiodi-4,1-phenylene)bis(O,Odimethly phosphorothiate); 5 mg/L) to defaunate the periphyton. Following a 24-h exposure
(after which visual inspection indicated high
macroinvertebrate mortality and no apparent
effect on periphyton), we replaced the water
with filtered reference-lake water. We randomly
assigned each container to a treatment.
We collected sediment from the reference lake
at a water depth of 1.5 m using a corer with the
same dimensions as the experimental buckets.
A SCUBA diver pushed the corer 10 cm into the
sediment and isolated the sediment core by inserting a slide into a slit near the bottom of the
corer. The sediment was then transferred immediately to an experimental bucket. Some disturbance of the sediment was inevitable during
collection. Therefore, for 1 wk after collection,
the cores were left undisturbed in the laboratory
under ambient lake light conditions (250 mol
m⫺2 s⫺1, 14:10 h light:dark cycle). After 1 wk, we
added ABATE to the water overlying the sediment. After 24 h of exposure to the insecticide,
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we replaced the water with 12 L of filtered lake
water. Each bucket contained sediment (0.04 m2
surface area ⫻ 10 cm deep) covered with 20 cm
of water.
The experiment began the day after the water
was replaced. We added nutrients to the water
in the fertilized treatments each morning and
then gently stirred the water in all buckets. Air
was bubbled constantly into each container to
maintain gentle water circulation. A glass slide
(22 ⫻ 75 mm) was suspended from the water
surface in each container to test for local effects
of substratum on primary producers growing
near, but not on, the substratum. We were particularly interested in whether sediment porewater nutrients were released to the overlying
water and became available to adjacent primary
producers, and how the magnitude of this effect
compared with the effect of water-column fertilization on glass-slide chlorophyll.
We measured 14C primary production at the
end of each block. We used area-specific, rather
than biomass-specific, production rates. Differences in chlorophyll, the most common index of
algal biomass, can be difficult to interpret when
light is an experimental variable because the cellular chlorophyll content of periphyton tends to
increase in response to reduced light (Falkowski
and LaRoche 1991). Also, undegraded chlorophyll and inactive algal cells below the zone of
active photosynthesis in epipelic mats make it
difficult to distinguish between photosynthetically active and inactive algal biomass (SandJensen and Revsbech 1987, Pinckney and Zingmark 1993, Hill et al. 1995).
There are no standard methods for measuring
epixylon primary production, but we used the
guidelines suggested by Pregnall (1991) for periphyton on rocks. Two sections (each ⬃20 mm
long) of a single piece of wood from each container were isolated in cylindrical chambers (1
light, 1 dark; 75 mm ⫻ 35 mm ID) constructed
from clear Plexiglas (Vadeboncoeur and Lodge
1998). We added 7.4 Kbq of 14C (aqueous
NaH14CO3⫺) to each chamber immediately before light incubation. After a 2-h incubation at
experimental light intensities, we moved the
wood to the dark and subsampled the water in
each chamber. 14Carbon activity in these water
samples was measured on a Beckman LS 5000
TD liquid scintillation counter with external
quench correction.
In 1993, wood sections were immediately fro-
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zen and freeze-dried. We then brushed the
freeze-dried periphyton from the wood, suspended it in deionized water, and collected it
on membrane filters (Nuclepore MF, 0.45-m
pore size). We rinsed material remaining on the
brush and wood onto the filter. Freeze-drying
apparently maintained the structural integrity
of the periphyton, the material was retained on
the filters, and the filtrate was clear. In 1994, we
switched to a more common protocol used for
periphyton on rocks. Periphyton was brushed
from the wood and suspended in water immediately after incubation. The suspension was
then filtered onto a glass-fiber filter (Whatman
GF/F, nominal pore size 0.7 m). In both years,
filters were placed in scintillation vials, dried at
55⬚C, and fumed over HCl for 10 min. We then
added 10 mL scintillation fluor to each vial and
measured 14C activity. Dissolved inorganic carbon (DIC) in the buckets was measured as CO2
evolved upon acidification using a gas chromatograph (Stainton et al. 1977). We subtracted
dark uptake and calculated primary production
per unit wood surface area (Pregnall 1991).
We measured 14C epipelic primary production
following the methods of Revsbech et al. (1981)
as modified by Vadeboncoeur and Lodge (1998).
Two intact cores (1 light and 1 dark, 2 cm of
sediment ⫹ 2 cm overlying water) were removed from each bucket without disrupting the
algal mat. We used the same production chambers as for wood. After adding 7.4 Kbq of 14C
to each sediment core, we placed the cores in
the dark for 2 h to allow equilibration of 14C
between the overlying and interstitial water. A
2-h incubation at experimental light intensities
followed the equilibration period. Cores were
then processed immediately, freeze dried, and a
5-mg subsample was counted on the Beckman
LS 5000 TD liquid scintillation counter (Vadeboncoeur and Lodge 1998).
The glass slides suspended in the buckets
were collected and frozen at the end of each
block. We collected water samples from the
buckets and filtered them (Whatman GF/F) for
phytoplankton chlorophyll analysis in 1993
only. Slides and filters were extracted in 100%
methanol for 24 h and the extract was analyzed
fluorometrically for phaeophyton-corrected
chlorophyll a (Holm-Hansen 1978, Marker et al.
1980). We collected and froze water samples
from each bucket at the end of each block and
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measured water-column total P concentration
([TP]) on a Lachat autoanalyzer.
All data from the laboratory experiment were
log-transformed to conform to the assumptions
of ANOVA (Zar 1996). We used SYSTAT computer software for Windows (version 7.0, SYSTAT Inc., Evanston, Illinois). We 1st ran an ANOVA to test for a substratum effect on primary
production. We then ran separate ANOVAs for
primary production on wood and sediment
with light and nutrients as factors. We included
a blocking factor, but did not include interactions between blocks and factors because block
was a random effect that was entirely a concession to time and space limitations. We had no a
priori expectation that the time at which the experiments were run would affect substratumspecific responses to nutrients. We were interested in the presence or absence of such an affect, not variation in its magnitude over time
(see Newman et al. 1997). We also used ANOVA
to test for treatment effects on phytoplankton
chlorophyll, glass-slide chlorophyll, and watercolumn [TP]. Again, we 1st tested for a substratum effect and then ran separate ANOVAs for
each substratum to test for nutrient and light
effects.
Whole-lake fertilization experiment
In August 1995, we collected wood from 0.5
m water depth in the fertilized and reference
lakes. This epixylon (3 light and 3 dark for each
lake) was incubated under metal halide lamps
at 450 mol m⫺2 s⫺1 for 2 h. Average summer
irradiance at 0.5 m was 600 mol m⫺2 s⫺1 in the
reference lake and 515 mol m⫺2 s⫺1 in the fertilized lake. It was difficult to produce uniform
light intensities ⬎450 mol m⫺2 s⫺1 with our
lamps, but photosynthesis was probably near
light-saturated rates at that intensity (Hill 1996).
We processed the wood as described for the
1994 laboratory experiment. We log-transformed the production estimates and used ANOVA to compare the 2 lakes.
We monitored the response of epipelon to
whole-lake fertilization by comparing P-I curves
from the 2 lakes. Using SCUBA, and without
disrupting the epipelic mat, we collected 15 to
20 intact sediment cores (Vadeboncoeur and
Lodge 1998) at each of 3 depths in each lake. On
26 August 1993, we collected cores from Paul
Lake at 1.5, 2.5, and 4.5 m (22⬚C, 22⬚C, and 12⬚C,
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respectively), which corresponded to the upper
epilimnion, the lower epilimnion, and the upper
metalimnion. On 29 August 1994, we collected
cores from corresponding thermal strata of West
Long Lake (1.5, 2.5, and 5.2 m; 19⬚C, 19⬚C, and
12⬚C, respectively). We constructed an additional P-I curve for the lower epilimnion of Paul
Lake (2.5 m, 24⬚C) on 14 August 1995. We added
14
C as described above for sediment, and then
incubated all cores in the laboratory in water
baths under the lamps used for the laboratory
experiments. During the 2-h incubations, the
cores were maintained at the temperature
(⫾1⬚C) at which they were collected. We used
neutral density shade cloth to create light intensities ranging from 5 to 375 mol m⫺2 s⫺1. We
terminated incubations by placing all cores in
the dark and immediately processed them (Vadeboncoeur and Lodge 1998). After calculating
areal primary production (PA) we used nonlinear regression (SYSTAT, procedure NONLIN) to
solve for ␣ and PAmax in the P-I equation (Henley
1993, Kirk 1994):
PA ⫽

P A max ␣I
兹(P

A

max

)2 ⫹ ␣2I 2

[1]

where PAmax is the maximum areal light-saturated photosynthetic rate (i.e., the asymptote of the
P-I curve), ␣ is the rate of increase of photosynthesis at light-limiting irradiances (i.e., the initial slope of the P-I curve), and I is light intensity (mol m⫺2 s⫺1).
We wanted to test for a fertilization effect on
epipelic algae while controlling for differences
in light intensity between lakes, depths, and
years. A strong positive fertilization effect
would have resulted in consistently higher epipelic production in the fertilized relative to the
reference lake for any given light intensity. We
used the P-I equations generated by equation 1
to estimate average epipelic production at each
depth for 7 d before and 7 d (inclusive) after we
ran the P-I experiments. We estimated light intensity at depth (Iz) according to the equation
(Kirk 1994):
I z ⫽ I0 e⫺K d z

[2]

where I0 is surface irradiance, Kd is the watercolumn light-attenuation coefficient, and z is
depth. Total daily incident radiation was measured continuously with a pyrheliometer, and
Kd was measured weekly (Carpenter et al. 1993).
We used total daily incident radiation to esti-
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mate I0 at 15-min intervals through the day by
assuming that surface light intensity varied as a
sine function from sunrise to sunset (McBride
1992). Iz was calculated and then used in the PI equations to estimate primary production at
15-min intervals throughout each day of the 2wk period bracketing the P-I measurements. We
calculated average rates for each day, and finally
an average rate for the 2-wk period (mg C m⫺2
h⫺1). The calculated rates were for daylight
hours only (i.e., we did not sum over a 24-h period that included 0 values for hours of darkness). We used regression analysis (SYSTAT,
procedure GLM) to determine the relationship
between average primary production predicted
by the P-I curves and average light intensity at
each site during the 2-wk period.
Water-column nutrient concentrations were
measured weekly at stations in the middle of
each lake during the whole-lake fertilization experiment (Carpenter et al. 1995, 1996). In addition, in August 1994, we collected sediment
pore water and the water immediately overlying
the sediment at 1-m depth intervals (z ⫽ 1.0–5.0
m) from the 2 lakes. A SCUBA diver collected
water from immediately above (ⱕ1 cm) the sediment-water interface using 60 mL syringes
with flexible tubing attached to the tip. She then
collected a sediment core with a PVC pipe (20
cm H ⫻ 5.1 cm ID). The interstitial water was
separated from the sediment by centrifuging the
top 1 cm of sediment under mineral oil. The
mineral oil prevented exposure to atmospheric
oxygen, which might otherwise have resulted in
precipitation of soluble P from potentially anoxic sediments (Revsbech et al. 1981). Water
samples were either frozen immediately ([TP])
or filtered (Whatman GF/F) and then frozen
(soluble reactive phosphorus, SRP). All P concentrations were measured on a Lachat autoanalyzer. We ran separate ANOVAs on [TP] and
[SRP] for each lake. We used Tukey’s HSD posthoc comparison of means to test whether P concentrations differed among the interstitial water,
the water overlying the sediment, and the water
column.
Results
Factorial light ⫻ nutrient laboratory experiment
Epixylon primary production increased with
increasing light, and was higher in fertilized
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FIG. 1. Primary production on wood (A) and sediment (B) in the factorial laboratory experiments. Bars
are geometric means, and the results of all 3 blocks
are pooled.

containers than in the controls (Fig. 1A). There
was no interaction between light and nutrients.
Epipelic production increased significantly with
increasing light, but the effect of fertilization
was not significant (Fig. 1B). There was no significant light ⫻ nutrient interaction in epipelic
production.
Substratum affected productivity of natural
periphyton assemblages, glass-slide chlorophyll,
phytoplankton chlorophyll, and water-column
[TP]. Areal production of epipelon was consistently 10⫻ areal production of epixylon (F1,103 ⫽
253.3, p ⬍ 0.0001, Fig.1). Glass-slide chlorophyll
(F1,103 ⫽ 61.8, p ⬍ 0.0001), phytoplankton chlorophyll (F1,69 ⫽ 37.58, p ⬍ 0.0001), and watercolumn [TP] (F1,95 ⫽ 20.0, p ⬍ 0.0001) were significantly higher in buckets containing sediment
than in those with wood. Nutrient addition led
to significantly higher phytoplankton and glassslide chlorophyll in buckets containing wood,
but not in those with sediment (Fig. 2A, 2B).
Water-column [TP] was significantly higher in
fertilized treatments than in controls for both
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Whole-lake fertilization experiment
Average epixylon production (measured at
450 mol m⫺2 s⫺1) was significantly higher in
the fertilized lake (4.2 mg C m⫺2 h⫺1) than in the
reference lake (1.3 mg C m⫺2 h⫺1; F1,2 ⫽ 12.85, p
⬍ 0.05).
Epipelon in 1.5 m cores did not reach maximum light-saturated photosynthesis rates in either the fertilized or reference lake (Fig. 3A, 3D).
In contrast, algae from depths ⬎1.5 m became
light-saturated at relatively low light levels. Epipelic production increased over the entire range
of light intensities the algae experienced during
the summer, except in the fertilized lake at 2.5
m (Fig. 3). To detect a fertilization effect, we
used the 7 P-I curves to predict average epipelic
production for each lake and depth. Predicted
production at ambient in situ light intensities increased consistently with light intensity (R2 ⫽
0.94, p ⫽ 0.001, Fig. 4).
[TP] and [SRP] were significantly higher in
the interstitial water than in the water column
in both lakes (Fig. 5). Phosphorus concentrations in the water overlying the sediment were
usually intermediate between the other 2 sources, and were not consistently different from interstitial-water or water-column concentrations.
Discussion
Substratum-specific response to fertilization

FIG. 2. Chlorophyll a on glass slides (suspended in
the buckets) (A), phytoplankton chlorophyll (measured only in 1993) (B), and water-column total P concentration ([TP]) (C) in the laboratory experiment.
Bars are geometric means pooled over all light treatments. The p-values refer to an ANOVA for a fertilization effect.

substrata (Fig. 2C). Glass-slide chlorophyll was
not significantly related to light (sediment: F2,46
⫽ 1.64; p ⫽ 0.21; wood: F2,45 ⫽ 2.16, p ⫽ 0.13).
Both phytoplankton chlorophyll and water-column [TP] increased with light in buckets with
sediment (phytoplankton: F2,28 ⫽ 12.51, p ⬍
0.0001; [TP]: F2,41 ⫽ 21.4, p ⬍ 0.0001), but not in
those with wood (phytoplankton: F2,29 ⫽ 0.66, p
⫽ 0.53; [TP]: F2,42 ⫽ 1.39, p ⫽ 0.26).

Periphyton response to fertilization was substratum-specific. Epixylon production was significantly greater in fertilized treatments than
controls in both the laboratory and whole-lake
experiments, indicating that water-column nutrient concentrations substantially affected epixylon production. Biomass of epilithon and algae
on artificial substrata is similarly limited by water-column nutrients in other lakes and streams
(Shortreed et al. 1984, Peterson et al. 1985, 1993,
Cattaneo 1987, Marks and Lowe 1993). Although we know of no similar studies of primary production on natural wood, our results
support the speculation that wood, like rock, is
an inert substratum for periphyton with regard
to N and P (Burkholder 1996). Other studies
have indicated that wood may be a significant
C source for epixylic algae, via decomposition
by fungi and bacteria (Sinsabaugh et al. 1991,
Sholz and Boon 1993). Our experimental design
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FIG. 3. Photosynthesis-irradiance (P-I) curves for epipelon from the reference (A, B, C) and fertilized (D, E,
F) lakes. Depths are shown for each curve. In the reference lake, P-I curves were run for 3 depths in 1993 (●)
and for 2.5 m only in 1995 (䡩). P-I curves were run only in 1994 in the fertilized lake (䉱). Each point represents
a single core. PAmax ⫽ maximum areal light-saturated photosynthesis (mg C m⫺2 h⫺1), ␣ ⫽ rate of increase in
photosynthesis at light-limiting irradiances (the initial slope of the P-I curve). R2 refers to fit of the lines to
equation 1. Lines along the x-axes denote the range of maximum daily light intensities during the summer
months for each lake and depth.

did not allow us to test for a C response, but
our experiments clearly indicated that water-column N and P fertilization stimulated epixylic
production.
In contrast to epixylon, water-column fertilization caused no increase in epipelic production in the laboratory (Fig. 1). In buckets with
sediment, there was no difference in phytoplankton chlorophyll between fertilized and unfertilized treatments (Fig. 2). Therefore, the lack
of a fertilization response for epipelon was not
a result of increased shading by phytoplankton

in the fertilized treatments. Epipelic production
rates were also similar in the fertilized and unfertilized lakes when we corrected for differences in average in situ light availability (Fig. 4).
Although epipelic algae sometimes respond
positively to water-column fertilization in very
shallow ecosystems (Stanley 1976, Nilsson et al.
1991), increased water-column N and P loading
did not increase epipelic production in our lakes
or even in the shallow buckets where shading
by phytoplankton was minimal. This lack of response is consistent with interstitial water being
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ment. The lack of a light ⫻ nutrient interaction
for the log-transformed data indicated that the
relative increase in epixylon production in response to fertilization was similar for all light
treatments (Fig. 1). We had expected no fertilization response at very low light (10 mol m⫺2
s⫺1) and an increasing response with increasing
light intensity. One possible explanation for the
lack of an interaction is that increased shading
by phytoplankton in the buckets exposed to
high light reduced the response of epixylon to
fertilization. However, there was no significant
light effect on phytoplankton chlorophyll in
buckets with wood, so this explanation is unlikely. We did not measure epixylon biomass,
but we saw an obvious increase in development
FIG. 4. Primary production of epipelic algae at average summer in situ light intensities as predicted by
photosynthesis-irradiance curve equations in Fig. 3.
Statistics refer to linear regression of primary production on light intensity.

the primary nutrient source for epipelic algae.
Both [TP] and [SRP] were significantly higher in
the pore water than in the water column in both
the fertilized and reference lake (Fig. 5). This
pattern is common, and periphyton on sediment
can sequester these pore-water nutrients (Schindler et al. 1987, Carlton and Wetzel 1988, Hansson 1988, 1989, 1990, Reuter and Axler 1992,
Hagerthey and Kerfoot 1998).
Substratum affected overall periphyton productivity and its response to fertilization. Areaspecific primary production rates of periphyton
on sediment were 10⫻ those on wood in both
laboratory and whole-lake experiments. Benthic
primary production in an arctic lake showed
similar patterns (Welch and Kalff 1974). Areaspecific epipelic production in Char Lake was
4⫻ higher than that of epilithon, even though
epipelic assemblages grew at greater depths
than epilithon. Our epipelic production rates
were within the range of literature values (Wetzel 1983), whereas epixylon production was similar to epilithic production in oligotrophic lakes
(Schindler et al. 1973, Loeb et al. 1983). Thus,
the large differences in areal rates among substrata that we observed may be common.
Influence of light
Periphyton production on wood increased
with increasing light in the laboratory experi-

FIG. 5. Total P concentration ([TP]) and soluble reactive P concentration ([SRP]) in the water column, the
water immediately overlying the sediments (ⱕ1 cm),
and the sediment interstitial water in reference and
fertilized lakes. Bars are geometric means averaged
over the epilimnion and metalimnion to a depth of 5
m. p-values are for the overall ANOVA. Within a single graph, bars with the same letter above them are
not significantly different (p ⬍ 0.05, Tukey’s HSD
test).
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of the filamentous algal mat with increased
light. The thicker mat may have led to increased
self-shading and thicker boundary layers for nutrient uptake in high light versus low light treatments. Such effects may have dampened the response of epixylon to fertilization at high light
levels.
The results of the laboratory experiment
(Fig.1), the depth-specific shapes of P-I curves
(Fig. 3), and the relationship between in situ
light and production (Fig. 4) all indicated that
light was more important than water-column
nutrients in regulating epipelic production. At
1.5 m in both lakes, the relationship between
light and primary production was linear over
the range of incubation light intensities (Fig. 3).
This linearity and lack of light-saturated primary production (the curve did not approach an
asymptote to PAmax) makes estimates of PAmax for
1.5 m suspect. Photosaturation occurred in epipelon collected from deeper areas in both lakes,
and the light intensity at which saturation became apparent decreased with increased depth.
We speculate that this result was caused by differences in mat structure and species composition among depths, especially the dominance at
depth of slow-growing algae adapted to low
light (Round 1961, Björk-Ramberg 1984, Hill
1996, Lowe 1996).
We qualitatively compared the P-I curves
from the 2 lakes by estimating production at average light intensities for each site. The linear
relationship between predicted production and
average in situ light demonstrated that epipelic
production in the fertilized lake was not higher
than in the reference lake when we accounted
for differences in light (Fig. 4). Although a positive fertilization response could have been
counterbalanced by lower temperatures or higher numbers of grazers in the fertilized lake, the
P-I curve data strongly supported the laboratory
results: light, not water-column nutrients, determined epipelic productivity. This finding is consistent with in situ experiments showing that
epipelic algae often respond negatively to water-column fertilization because of increased
shading by phytoplankton or macrophytes (Van
Raalte et al. 1976, Björk-Ramberg 1983, 1984,
Björk-Ramberg and Ånell 1985, Hansson 1988,
1992).
Local influence of substratum
Epipelic algae can reduce nutrient diffusion
from the sediment pore water to the water col-
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umn and, in doing so, reduce nutrient availability to phytoplankton (Carlton and Wetzel 1988,
Hansson 1988, 1989). However, unless epipelic
algae are 100% effective in preventing nutrient
diffusion from sediment, sediment may influence water-column nutrients moreso than nondiffusing substrata such as wood or rocks. Phytoplankton chlorophyll, chlorophyll on glass
slides, and water-column [TP] all were higher in
buckets containing sediment compared with
those with wood (Fig. 2). There are at least 2
possible mechanisms for the observed patterns:
1) sediment diffuses labile nutrients to the water
column that can be converted into planktonic
and periphytic algal biomass; and 2) sediment,
more than wood, provides algal colonizers to
the water and nearby artificial substrata (Barbiero and Welch 1992, Hansson et al. 1994). Although we cannot distinguish between these
mechanisms, our experiment suggests that sediment-derived nutrients become available to primary producers growing near, but not on, sediment.
We did not detect a fertilization effect on
glass-slide or phytoplankton chlorophyll in
buckets with sediment, but we did with wood.
Thus, the substratum effect overwhelmed the
fertilization treatment. This pattern was the
same as observed for primary production of periphyton growing directly on the substrata (Fig.
1). We saw similar indirect influences of sediment in a mesocosm experiment in nearby Central Long Lake. Chlorophyll on mesocosm walls
was highest near the sediment, independent of
nutrient treatment and light availability, in both
fertilized and control mesocosms (Blumenshine
et al. 1997). The influence of sediment nutrients
on adjacent primary producers was probably exaggerated in both the mesocosm and bucket experiments as a result of container effects that
reduced dilution by the water column. Nevertheless, if fluxes of labile nutrients or viable algal
cells occur between different substrata, placing
non-nutrient diffusing or artificial substrata
near nutrient-rich sediment may affect the outcome of experiments.
In conclusion, nutrient enrichment is one of
the most common anthropogenic stresses on
lakes, and limnologists have repeatedly demonstrated the strong relationship between P
loading and phytoplankton biomass (Dillon and
Rigler 1974, Schindler 1978). Ecologists increasingly recognize the importance of periphyton in
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food webs and nutrient cycles in lakes and
streams (Minshall 1978, Bothwell 1993, France
1995, Hecky and Hesslein 1995, Lamberti 1996,
Lodge et al. 1998). However, our understanding
of the effect of eutrophication on periphyton in
lakes lags far behind that for phytoplankton
(Ennis 1975, Shortreed et al. 1984, Catteneo
1987). Our experiments suggest that periphyton
response to fertilization is complex and dependent on substratum. Periphyton on wood increased production during fertilization, but periphyton on sediment did not. Furthermore, areal epipelic production rates were 10⫻ higher
than those of epixylon. If these patterns are
common in other lakes in which organic sediment is a substantial proportion of benthic habitat, then extrapolating from hard substrata will
underestimate benthic primary production and
overestimate periphyton response to fertilization.
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